Varicella-zoster virus (VZV) is a human alphaherpesvirus that infects sensory ganglia and reactivates from latency to cause herpes zoster. VZV replication was examined in human dorsal root ganglion (DRG) xenografts in mice with severe combined immunodeficiency using multiscale correlative immunofluorescence and electron microscopy. These experiments showed the presence of VZV genomic DNA, viral proteins, and virion production in both neurons and satellite cells within DRG. Furthermore, the multiscale analysis of VZV-host cell interactions revealed virus-induced cell-cell fusion and polykaryon formation between neurons and satellite cells during VZV replication in DRG in vivo. Satellite cell infection and polykaryon formation in neuronsatellite cell complexes provide mechanisms to amplify VZV entry into neuronal cell bodies, which is necessary for VZV transfer to skin in the affected dermatome during herpes zoster. These mechanisms of VZV neuropathogenesis help to account for the often severe neurologic consequences of herpes zoster.
Varicella-zoster virus (VZV) is a human alphaherpesvirus that infects sensory ganglia and reactivates from latency to cause herpes zoster. VZV replication was examined in human dorsal root ganglion (DRG) xenografts in mice with severe combined immunodeficiency using multiscale correlative immunofluorescence and electron microscopy. These experiments showed the presence of VZV genomic DNA, viral proteins, and virion production in both neurons and satellite cells within DRG. Furthermore, the multiscale analysis of VZV-host cell interactions revealed virus-induced cell-cell fusion and polykaryon formation between neurons and satellite cells during VZV replication in DRG in vivo. Satellite cell infection and polykaryon formation in neuronsatellite cell complexes provide mechanisms to amplify VZV entry into neuronal cell bodies, which is necessary for VZV transfer to skin in the affected dermatome during herpes zoster. These mechanisms of VZV neuropathogenesis help to account for the often severe neurologic consequences of herpes zoster.
Varicella-zoster virus (VZV) is a human neurotropic alphaherpesvirus with a linear DNA genome that has at least 70 open reading frames (ORFs) encoding viral proteins (4) . VZV causes varicella during primary infection, establishes latency in sensory ganglia, and may reactivate to cause herpes zoster (4, 12) . VZV persistence in cranial nerve and dorsal root sensory ganglia appears to be a consistent consequence of primary VZV infection (4, 5, 12, 31) . VZV is related to herpes simplex virus types 1 and 2 (HSV-1 and -2), which are also neurotropic human alphaherpesviruses that establish latency in sensory ganglia, but in contrast to VZV, HSV reactivations are common and usually asymptomatic (30) . When VZV reactivates, the characteristic dermatomal rash of herpes zoster is attributed to the axonal transport of VZ virions that were assembled in neuronal cell bodies to the skin. Clinically, herpes zoster is characterized by severe acute pain and a dermatomal rash and often by prolonged neurologic signs and symptoms (12) .
Because VZV is a highly host-specific pathogen, we have used human tissue xenografts in mice with severe combined immunodeficiency (SCID) to analyze VZV tropisms for differentiated human cells in vivo (35) . Autopsy studies provide some limited information about the acute VZV infection that occurs in sensory ganglia during reactivation. A marked disruption of cellular architecture within the ganglion, viral protein expression, and detection of herpesvirus-like particles have been reported (8, 14, 20, 23) . Our dorsal root ganglion (DRG) model of neuropathogenesis makes it possible to examine the interactions between VZV and human neurons and satellite cells located within their typical tissue microenvironment (35, 36) . In DRG xenografts, VZV inoculation results in viral DNA synthesis, expression of immediate-early (IE) regulatory/tegument proteins IE62 and IE63 and envelope glycoproteins, and the production of infectious virus.
The purpose of these experiments was to investigate VZV replication in human DRG using multiscale correlative immunofluorescence-electron microscopy (IF-EM) to analyze neurons and satellite cells over a wide range of resolutions and magnifications. Correlative IF-EM is being exploited in cell and developmental biology and neuroscience (7, 10, 11, 22) and has been used in a few investigations of viral pathogenesis (1, 21) . Infected cells within the complex DRG tissues were identified by IF detection of viral proteins and VZV DNA, followed by EM and immuno-EM in ultrastructural analyses to localize viral DNA, nucleocapsids, and VZ virions in the same cell. These experiments provide new insights about how VZV interactions with neural cells in sensory ganglia result in the characteristic manifestations of herpes zoster.
MATERIALS AND METHODS

DRG xenotransplantation. Human fetal DRG were inserted under the kidney capsule of male C.B-17
scid/scid mice (Taconic Farms, Germantown, NY) (35) . The Stanford University Administrative Panel on Laboratory Animal Care approved all animal protocols. Human tissues were provided by Advanced Bioscience Resources (ABR, Alameda, CA) and were obtained in accordance with state and federal regulations.
Viruses and infection of DRG xenografts. VZV (rOka) was propagated in human embryonic lung fibroblasts cells for inoculation of DRG xenografts; inoculum titers were determined by infectious focus assay at the time of injection (35) . DRG were infected by direct injection of VZV-infected fibroblasts at 4 to 12 weeks after xenotransplantation (35) . At designated times after inoculation, mice were euthanized and DRG were removed and immersed in 4% paraformaldehyde (PFA) in phosphate buffer (0.1 M, pH 7.2) on ice for immediate fixation.
Preparation of DRG for standard EM. DRG xenografts were fixed in 4% PFA and 2% glutaraldehyde in phosphate buffer (0.1 M, pH 7.2), postfixed with 1% osmium tetroxide, and incubated in 1% aqueous uranyl acetate overnight. The samples were dehydrated in a series of increasing ethanol concentrations followed by a final propylenoxide step. The samples were embedded in Embed812 (Electron Microscopy Sciences, Fort Washington, PA). Ultrathin sections (50 to 80 nm) were prepared with a diamond knife (Diatome) and an ultramicrotome (Ultracut; Leica). Sections were stained with 3.5% aqueous uranyl acetate for 5 min and with 0.2% lead citrate for 3 min. The sections were analyzed using a JEOL 1230 transmission electron microscope (TEM) at 80 kV, and digital photographs were taken with a GATAN Multiscan 701 digital camera.
Preparation of DRG for correlative IF-EM using LR-White resin. DRG xenografts were fixed in 4% PFA and 0.1% glutaraldehyde in phosphate buffer (0.1 M, pH 7.2). The samples were dehydrated in a series of increasing ethanol concentrations and embedded in LR-White resin. Polymerization was at 50°C for 3 days. Ultrathin sections were prepared, stained, and analyzed as described for standard EM sections. LR-White sections were used for DNA in situ hybridization and immuno-EM.
For cryosectioning, DRG xenografts were fixed in 4% PFA with 0.1% glutaraldehyde in phosphate buffer (0.1 M, pH 7.2), washed several times in phosphate-buffered saline, and infiltrated in 2.3 M sucrose overnight at 4°C (32) . Samples were mounted on pins for cryo-ultramicrotomy and frozen in liquid nitrogen. Semithin cryosections (500 nm) for IF analysis were prepared with a glass knife at Ϫ80°C, and ultrathin cryosections (80 nm) were prepared with a diamond knife (Diatome) at Ϫ130°C using an ultramicrotome (Ultracut, Leica) equipped with a cryosectioning chamber. Thawed cryosections were transferred to Formvar-and carbon-coated EM grids (nickel) in a drop of 2.3 M sucrose and stained for IF or counterstained for EM with 0.5% uranyl acetate in 2% methylcellulose for 10 min on ice.
Immunolabeling of thawed cryosections and LR-White sections for IF and correlative IF-EM and immuno-EM. Sections were blocked in digoxigenin (DIG) blocking solution (Roche) for 30 min. Primary antibodies were diluted in blocking solution and incubation was for 1 h at room temperature. Secondary fluorophore-conjugated antibodies or protein A-gold conjugates were diluted in blocking solution and sections were incubated for 1 h or 30 min, respectively. Samples for IF-EM analysis were first mounted in glycerol and after IF analysis were counterstained for EM as described above. The primary antibodies included rabbit polyclonal antibodies anti-IE62 (a gift from Paul Kinchington, University of Pittsburgh), anti-IE63 (a gift from William Ruyechan), anti-ORF47 (3), and anti-human synaptophysin (Zymed, South San Francisco, CA) and monoclonal antibodies anti-DIG (Roche), anti-NCAM (Zymed, South San Francisco, CA), and anti-gE (Chemicon, Temecula, CA). Antibodies and reagents used for secondary detection included goat anti-mouse-fluorescein isothiocyanate (FITC), goat anti-mouse-Alexa 488, rabbit anti-mouse-Alexa 488, antirabbit-FITC, anti-mouse-Texas red, and anti-rabbit-Texas red (Invitrogen/Molecular Probes). Protein A conjugated to 15-nm colloidal gold (PAG15 nm) was from CMC (Utrecht, The Netherlands). Hoechst 22358 was used as a nuclear counterstain.
In situ hybridization for VZV genomic DNA detection in DRG by confocal IF and immuno-EM. The VZV-specific DNA probe was prepared by random priming using the DIG DNA labeling kit (Roche Diagnostics, Penzberg, Germany) and a VZV genomic DNA HindIII-C fragment as a template. One milliliter of the hybridization mix contained 50% Formamide, 10% dextran sulfate, 1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 1ϫ Denhardt's solution, 0.5 mg salmon sperm DNA, and 0.01 ml DIG-labeled VZV DNA probe. The hybridization mix was heat denatured for 10 min at 95°C and chilled on ice. LR-White sections or thawed cryosections were denatured in 0.5 M NaOH for 5 min. After overnight hybridization at 37°C, sections were washed twice in 2ϫ SSC and 0.1ϫ SSC (twice for 15 min each) and then blocked in DIG blocking solution (Roche). Sections were incubated with anti-DIG monoclonal antibody (Roche) for 1 h. Secondary detection for immuno-EM was with rabbit antimouse antibody followed by PAG15 nm. For IF-EM, secondary detection was with rabbit anti-mouse-Alexa 488 antibody followed by PAG15 nm.
Correlative IF-EM analysis. Ultrathin sections were transferred to locator grids (Maxtaform, 200 mesh, nickel; Ted Pella). Combined IF and immunogold labeling was performed as described above. Confocal microscopy was done to evaluate the staining and to find areas of interest. The coordinates of the location of these areas were noted. After confocal analysis, the glycerol was washed off the grids with water and sections were counterstained for EM analysis. The areas of interest were then located and examined by TEM at low magnification using the coordinates and further investigated at higher magnification.
Image processing and analysis. Sections stained for IF analysis were imaged using a Leica TCS SP2 confocal laser-scanning microscope (Heidelberg, Germany) and a ϫ63/1.4 Plan Apochromat. Images were scanned at 1,024 by 1,024 pixels, with 4ϫ frame averaging and the pinhole adjusted to 1 Airy unit. Brightness and contrast were adjusted using Photoshop CS3 (Adobe). All images were captured under the same conditions within each type of experiment. The percentage of infected neuron-satellite cell complexes (NSC) with evidence of polykaryon formation was estimated by evaluation of NCAM staining of cell membranes and cytoplasmic staining of IE62 or IE63 from a total of 252 NSC. In the control experiments for VZV-induced polykaryon formation, neuronal cell adhesion molecule (NCAM) staining of approximately 50 NSC in different sections of one uninfected/unimplanted human DRG and 108 NSC (with 679 satellite cells) in different sections of one mock-infected/unimplanted human DRG was evaluated.
RESULTS
IE, early, and late VZV proteins are expressed in both neurons and satellite cells. The precise cellular localization of viral proteins and viral genomic DNA within DRG requires a histological resolution that distinguishes the neuronal cell body from the surrounding satellite cells, which form a thin envelope around the neuron (15) . To achieve this resolution and to identify infected cells, we used thin (500 nm) cryosections of infected DRG or uninfected control DRG stained with antibodies against the IE proteins IE62 and IE63 or the viral kinase early protein ORF47 (Fig. 1) . Cell nuclei were counterstained with Hoechst 22358. Strong expression of IE62 and IE63 ( Fig. 1a and b) as well as of ORF47 (Fig. 1c) was evident in nuclei of approximately 80% of cells in the NSC of acutely infected DRG. These complexes have a characteristic histological appearance, with a large neuronal cell body (Ͼ50 m), a prominent neuron nucleus (10 to 20 m) and the concentric arrangement of the satellite cells around the neuron (Fig. 1a, b , i, and k). Inspection of 250 NSC in multiple sections of two DRG revealed expression of IE62, IE63, and ORF47 proteins, as illustrated in Fig. 1a to c; in the prominent nuclei of neurons; and in the surrounding ring of smaller nuclei of satellite cells. These proteins were also detected in the cytoplasm of both neurons and satellite cells, but cytoplasmic expression was less intense. Envelope glycoproteins are required to produce infectious virus particles. Therefore, DRG sections were stained for glycoprotein E (gE), which is the most abundant late viral glycoprotein, (Fig. 1d ). gE expression was most prominent at the cell boundaries of both neurons and satellite cells. The outer boundaries of satellite cells showed extensive gE staining (Fig. 1d ), indicating that gE was expressed on regions of satellite cell plasma membranes that were not in direct contact with those of infected neurons. Uninfected DRG showed no evidence of nonspecific staining ( Fig. 1aЈ to dЈ) .
VZV genomic DNA is present in the nuclei of both neurons and satellite cells. The expression of IE62, IE63, ORF47, and gE in neurons and satellite cells indicated that VZV genomic DNA was present in both cell types. VZV DNA synthesis was assessed using fluorescence DNA in situ hybridization with a DIG-labeled VZV-HindIII-C DNA probe, in combination with immunofluorescence for IE62 and nuclear Hoechst staining. As shown in representative images of an infected neuron with adjacent infected satellite cells, viral DNA was detected in the nucleus of the neuron and in the nuclei of the surrounding satellite cells that exhibited IE62 expression ( Fig. 1f to h ). Partial colocalization of the VZV DNA signal with IE62 within the nucleus was demonstrated in the merged image (Fig. 1h) . The intensity of the VZV DNA signal in the nuclei of satellite cells and neurons that expressed IE62 varied from weak, as shown in the satellite cell labeled "s1," to strong, as illustrated by the satellite cell labeled "s2Ј and the neuron. No background VZV DNA signal was detected in uninfected DRG (Fig. 1e) .
Variations in the pattern of IE protein expression in NSC.
Analysis of IE63 expression in 250 NSC revealed three major patterns. Most often, the NSC in acutely infected DRG showed expression of IE63 in both the nucleus of the neuron and the nuclei of the adjacent satellite cells within the same NSC ( Fig. 1k ; see also Fig. 1b and Fig. 2A ). This pattern occurred in about 90% of infected NSC. Among the other infected NSC, one showed IE63 expression only in the neuron ( Collagen was visualized with Alexa 488-labeled goat anti-mouse antibody. VZV genomic DNA was detected by DNA in situ hybridization of LR-White-embedded sections of acutely infected DRG using a DIG-labeled HindIII-C VZV DNA probe; hybridization was detected using mouse monoclonal anti-DIG antibody and Alexa 488-labeled rabbit anti-mouse antibody (E) or a protein A-15-nm colloidal gold conjugate (E and F). The black square in the EM image at the left includes three satellite cell nuclei (s) that are also shown in the inset IF image. Viral DNA is detected by in situ hybridization using the VZV HindIII-C probe (green), and nuclei are stained with Hoechst (blue). TEM at increasing magnification using immunogold labeling to detect the VZV DNA probe is illustrated in the linked images shown in the black and white squares. This analysis reveals association of the viral DNA signal (15-nm gold particles) with VZV nucleocapsids (black arrowheads). (Fig.  2) . This method was used to investigate whether VZV nucleocapsids were assembled in satellite cell nuclei and if enveloped virions were present in the cytoplasm of these cells and could be released to yield extracellular VZV particles. To identify infected NSC within DRG, ultrathin cryosections (80 nm) were prepared, transferred to an EM locator grid and stained for IE63 and with Hoechst stain to visualize the cell nuclei ( Fig.  2A to D) . Examination by confocal microscopy revealed IE63 expression in most NSC, as shown in the overview image in Fig.  2A . IE63 expression was observed in the nuclei of both neurons and satellite cells as described above (Fig. 1) . Individual NSC were surrounded by collagen ( Fig. 2A to D) . Layers of collagen fibers that are known to enclose NSC were also demonstrated by TEM (not shown). Three individual NSC, designated NSC-B, NSC-C and NSC-D are shown within white squares in the overview image. These areas were examined at higher magnification and in combination with TEM, respectively, in Fig. 2B to D, as described below. VZV nucleocapsids are assembled in nuclei of neurons and satellite cells. As expected, viral nucleocapsids could be readily identified in the nuclei of neurons that expressed IE63 using correlative IF-EM. The IF image in Fig. 2B (left panel) corresponds to NSC-B shown in the overview (Fig. 2A) . The large nucleus of the neuron and several of the surrounding satellite cells of the same NSC unit strongly express IE63. High-resolution examination of the same section by TEM revealed several VZV nucleocapsids in the nucleus and cytoplasm of the infected neuron that were identified by IE63 expression; the TEM analysis shown at increasing magnifications is shown in the linked white, black, and red squares. VZV nucleocapsids were also observed in the nuclei of satellite cells that expressed IE63. For example, several intranuclear and cytoplasmic nucleocapsids were detected by TEM in the IE63-positive satellite cell indicated in the IF overview of the same NSC-B unit (Fig. 2B) . Linked TEM images of this area show these nucleocapsids at increasing magnification.
Intracellular enveloped virions are present in cytoplasmic vacuoles of satellite cells. To further define the role of satellite cells in productive infection of DRG, correlative IF-EM was used to investigate more IE63-expressing satellite cells. TEM examination of several infected satellite cells revealed cytoplasmic vacuoles filled with enveloped and tegumented VZV particles within these cells. A representative example is presented in Fig. 2C . The IF image in Fig. 2C corresponds to NSC-C, marked by the white square in the overview IF in Fig.  2A . The red square in Fig. 2C surrounds one of several IE63-expressing satellite cells. The same satellite cell is presented at increasing magnification as visualized by TEM (Fig. 2C, center and right panels). Intracellular vacuoles filled with viral particles were clearly visible.
Extracellular VZV particles were associated with plasma membranes of satellite cells. Extracellular VZV particles were readily observed in the tissue spaces around both neurons and satellite cells by TEM. Correlative IF-EM allowed a targeted assessment of the area between two adjacent satellite cells that expressed IE63 (Fig. 2D) to determine whether extracellular virions were associated with the plasma membranes of these cells. The area of interest between the two satellite cells is marked by a red square in the IF images, which was then examined by TEM. Extracellular virions associated with the plasma membrane of a satellite cell were observed at the highest magnification (smaller panels at the right in Fig. 2D ). The morphology of VZV particles appears somewhat different in these cryosections, which were counterstained only with uranyl acetate for TEM, compared to standard EM. In thawed cryosections, the nucleocapsid staining is generally less electron dense (Fig. 2B) , the tegument is usually very electron dense (black), and most membranes appear white because they are not postfixed and stained with osmium tetroxide (Fig. 2C and  D) . The presence of numerous nucleocapsids and viral particles within satellite cells and associated with the cell membrane of satellite cells was confirmed by standard EM (see Fig. 5 ).
VZV genomic DNA localizes to nucleocapsids in satellite cell nuclei. The use of correlative IF-EM analysis of LR-Whiteembedded DRG in combination with VZV DNA in situ hybridization, made it possible to identify individual satellite cell nuclei harboring VZV genomic DNA by confocal microscopy and TEM on the same ultrathin section (Fig. 2E) . This method allowed the correlation of the fluorescent VZV DNA signal with clusters of 15-nm gold particles that represent the VZV DNA signal at the ultrastructural level. Numerous clusters of 15-nm gold particles were closely associated with viral nucleocapsids that appeared as ring-like structures, as indicated in the highest-magnification image at the lower right in Fig. 2E . In an additional experiment, viral genomic DNA could be clearly localized to individual extracellular VZV particles (Fig. 2F1 to  F4 ). The clusters of 15-nm gold particles were associated with virions, were completely absent from the surrounding extracellular matrix (Fig. 2F1 and F2 ), and were not observed in uninfected cells (not shown). Clusters of 3 to 20 gold particles were associated with a single extracellular virion. Since each virion contains only one genome, the in situ hybridization method was sensitive enough to identify a single VZV genome copy.
Evidence for polykaryon formation between VZV-infected neurons and satellite cells. The evaluations of the expression of IE62 and IE63 in some NSC revealed a homogeneous staining of the cytoplasm of the neuron and the surrounding satellite cells, and no cell membranes separating the two cell types were evident. The NSC stained with IE63 in Fig. 1b exemplifies this observation. Because cell-cell fusion with resulting polykaryon formation is a hallmark of VZV infection in VZV skin lesions and in cultured cells, we hypothesized that an infected neuron and satellite cells within an individual NSC might fuse to form a polykaryon in acutely infected DRG. To test this hypothesis, we first performed extensive experiments using 500-nm cryosections of human fetal DRG that were not infected or implanted in SCID mice (Fig. 3a to c) and of mockinfected DRG xenografts (Fig. 3d to f) that were otherwise treated in the same way as VZV-infected DRG. The control DRG were stained with a polyclonal rabbit antibody specific for synaptophysin, which is expressed in cytoplasmic vesicles in the neuron and with a mouse monoclonal antibody specific for NCAM, which is expressed on membranes of neurons and satellite cells in the NSC (Fig. 3a to f) . Satellite cells adjacent to a neuron were always separated from the neuronal cell cytoplasm by NCAM-stained cell membranes. Satellite cells have limited cytoplasm. In areas where these cells are densely packed and imaged at lower magnification, NCAM staining may appear cytoplasmic (Fig. 3a) ; however, at higher magnification, membrane restriction of NCAM is evident (Fig. 3b on October 16, 2017 by guest http://jvi.asm.org/ and c). In Fig. 3 , the white arrowheads indicate NCAM-stained cell boundaries (green) separating the neuron from the adjacent satellite cells. When 50 NSC in the unimplanted DRG control tissues were evaluated, none of the satellite cells showed any evidence of polykaryon formation with the neuron. Furthermore, 108 NSC in the mock-infected/implanted DRG control tissues were evaluated and none of 679 satellite cells within these NSC showed cell-cell fusion with the neuron. NCAM and synaptophysin expression did not differ between unimplanted/uninfected (Fig. 3a to c) and implanted/mockinfected DRGs (Fig. 3d to f) . When patterns of NCAM expression had been established in uninfected human DRGs, VZV-infected DRG were examined for NCAM and IE62 expression in 500-nm cryosections (Fig.  4) . The evaluation of 252 NSC in acutely infected DRG demonstrated that up to 50% (123/252) of the complexes showed evidence of polykaryon formation at day 14 after infection, based on the criteria of the absence of NCAM-expressing membranes between the neuronal cell body and the adjacent satellite cells and a homogeneous intensity of cytoplasmic IE62 expression. Representative examples are shown in Fig. 4 ; the white square in the overview image is shown at higher magnification in Fig. 4aЈ . The left panels, which are labeled "no polykaryon," show an example of an NSC with an obvious NCAM-expressing membrane that separates the neuronal cell body from the adjacent satellite cells (Fig. 4aЈ) . Both the neuron nucleus and the satellite cells in this NSC express IE62. These experiments also suggest that NCAM continues to be expressed and is not substantially down-regulated by VZV infection.
In contrast, the panels labeled "polykaryon" show NSC that contain satellite cells that express nuclear IE62 and have no apparent separation from the neuronal cell body by an NCAMexpressing cell membrane (Fig. 4b, bЈ, c, and cЈ) . This pattern suggests fusion between plasma membranes of adjacent satellite cells and the neuronal plasma membrane. The higher magnification of the NSC in Fig. 4bЈ reveals a small area of NCAM expression which is located between one of the satellite cells and the neuronal cell body, whereas there is no NCAM-expressing membrane visible between the three other satellite cell nuclei and the same neuron cell body. However, NCAM expression was present on the cell membrane that encloses both the neuron and the satellite cells with which it is fused (Fig. 4bЈ) . Another example of satellite cell nuclei that had no separation from the neuronal cell body by an NCAM-expressing plasma membrane is shown in Fig. 4c and cЈ. The higher magnification in Fig. 4cЈ confirms the loss of the plasma membrane between the large neuron nucleus and the two adjacent smaller satellite cell nuclei; however, these nuclei are surrounded by an outer NCAM-expressing membrane (Fig. 4cЈ) .
Ultrastructural evidence for polykaryon formation. In these experiments, acutely infected DRG were embedded in epoxy resin for standard EM and ultrathin sections were evaluated by TEM (Fig. 5) . As was suggested by confocal microscopy analysis of the NSC shown in Fig. 4a and aЈ, some infected NSC were identified in which no fusion of the neuronal cell body with the adjacent satellite cells had occurred. The series of TEM images at increasing magnification in Fig. 5A , B, and C illustrate this observation. In this case, the plasma membranes of both the satellite cells and the neuron were clearly identifiable. These images demonstrate the good preservation of cell membranes under these conditions and show that a doublemembrane-like structure results when two DRG cells, each surrounded by its own plasma membrane, are adjacent, as is evident at the site of contact between two satellite cells or between the satellite cell and the neuronal cell body, as indicated in Fig. 5B and C.
However, numerous examples of polykaryon formation in NSC were readily detected by ultrastructural analyses of acutely infected DRG. The representative examples of polykaryons, presented in Fig. 5D to F and Fig. 6A to C, were identified on the same EM grid and therefore had been exposed to identical staining conditions as the NSC shown in Fig.  5A to C. The polykaryon shown in Fig. 5D to F harbors at least six nuclei within the cytoplasm, and the polykaryon shown in Fig. 6A to C contains at least four nuclei. No plasma membranes separating these nuclei could be identified at higher magnification of the area between the nuclei (see Fig. 5E and F or Fig. 6B and C) , indicating that they share the same cytoplasm and are therefore part of a polykaryon. Nevertheless, even when cell membranes between neuron and satellite cell nuclei were absent, a continuous cell membrane persisted around the margins of the polykaryon (Fig. 5D and E or Fig.  6B ). Evidence of productive viral replication within these polykaryons was provided by the detection of VZV nucleocapsids (in nuclei 3 and 5 at the lower edges of Fig. 5E and F, respectively, or in Fig. 6C ), intracellular viral particles in a cytoplasmic vacuole (Fig. 5E) , and numerous extracellular virions adjacent to the cell membrane of the polykaryon (Fig. 5E) . Despite productive infection, the membranes of the nuclei within these and other polykaryons appeared morphologically intact ( Fig. 5F and Fig. 6C ) and the mitochondria and the endoplasmic reticulum did not show obvious morphological damage (best seen in Fig. 5F ). However, some other neurons and satellite cells in VZV-infected DRG showed extensive cytopathic effects (Fig. 6D to F) . The nuclei of these cells were found on the same EM grid. Black arrowheads point to the cell membrane surrounding satellite cells or the neuron cell body (B and C) or a polykaryon (D and E). In panels A to C, the nuclei of satellite cells are marked "s" and the neuronal cell body is marked "N." The nuclei within the polykaryon shown in panels D and E are numbered 1 to 6. Thin black arrows point to VZV nucleocapsids (nucleus 3 in panel E and nucleus 5 in panel F), intracellular virions (at the top in panel E), or extracellular virions (at the right side in panel E). The white arrowheads in panel F point to the nuclear envelope of three different nuclei within the polykaryon. The endoplasmic reticulum (ER) and mitochondria (mito) are marked in panel F. Black boxes labeled B, C, E, and F indicate the area that is seen at higher magnification in the images in panel B, C, D, and F, respectively. Despite the normal morphology of the nuclear envelope, mitochondria, and the ER in the polykaryon (F), no cell membranes can be detected between the nuclei of the polykaryon, as is evident by comparing panels E and F with panels B and C. Scale bars are 5 m for panels A and D, 1 m for panels B and E, or 0.5 m for panels C and F. contained masses of viral nucleocapids, nuclear envelopes had disintegrated, intracellular membranes were difficult to recognize, and mitochondria were electron dense and swollen.
DISCUSSION
In this study, the cellular tropisms of VZV and mechanisms of VZV neuropathogenesis during acute infection of human DRG xenografts in the SCIDhu mouse model were examined by correlative IF-EM (35, 36) . This approach allowed the analysis of viral protein expression, VZV genomic DNA synthesis, virion assembly and cellular changes at both the histological and the ultrastructural level in the same cell. Our experiments support a role for satellite cells as well as neurons in VZV infection in human DRG in the SCIDhu mouse model. We also demonstrated that VZV has the capacity to cause fusion of the plasma membranes of these two distinct types of differentiated cells that form the characteristic NSC within the sensory ganglia of the peripheral nervous system. These observations provide a better understanding of neuropathogenic mechanisms in acute VZV infection of sensory ganglia and help to explain the neuropathologic consequences of active VZV replication in human sensory ganglia that are associated with clinical episodes of herpes zoster.
VZV proteins, including IE proteins, IE62 and IE63, the early ORF47 kinase protein and the late glycoprotein, gE, were expressed in the majority of satellite cells as well as neurons in VZV-infected DRG xenografts. Viral genomic DNA was detected in nuclei of infected neurons and satellite cells that had been identified by IE63 protein expression. Viral proteins were also expressed by both neurons and nonneuronal cells in cultured human DRG infected with VZV in vitro (13) . Productive VZV infection requires nucleocapsid assembly, nuclear egress, viral envelopment, and release of infectious virions. Satellite cells as well as neurons contained intranuclear and cytoplasmic nucelocapsids and intracelluar enveloped virions within cytoplasmic vacuoles and VZV particles were located external to the plasma membranes of both cell types. Although EM cannot establish that these particles are infectious, nucleocapsids and VZV particles in satellite cells had no apparent ultrastructural differences from those in neurons. Given that each neuron is surrounded by several satellite cells, the quantity of VZ virions produced by satellite cells may exceed that of neurons in acutely infected DRG. Virions were also present in the nuclei and cytoplasm of many satellite cells in the EM analysis of a trigeminal ganglion recovered at autopsy from a patient who developed zoster 4 days before death (8) . Furthermore, although neurons appear to be the primary site of VZV persistence in sensory ganglia, VZV genomes may also be maintained after infection of some satellite cells (19, 28, 34) .
During herpes zoster, neuronal cell bodies must be infected in order for the virus to gain access to peripheral nerve axons for transport to skin. However, since at most about 5% of neurons in sensory ganglia appear to be latently infected (19, 28) , transfer of VZV into other neurons would substantially enhance VZV access to skin. In these experiments, some NSC were observed in acutely infected DRG xenografts in which only satellite cells contained VZV DNA or expressed VZV proteins and appear to have been infected independently of the associated neuron cell body. In addition, infected satellite cells released VZ virions. Amplification of VZV reactivation by replication in satellite cells, followed by virion entry into previously uninfected neurons is consistent with the widespread ganglionitis observed in ganglia obtained at autopsy from patients with herpes zoster (8, 12, 14, 23) . A process of VZV transfer into satellite cells, leading to infection of their associated neuronal cell bodies, may also account for the gradual emergence of new clusters of skin lesions in the involved cutaneous dermatome during episodes of herpes zoster. Direct VZV infection of satellite cells could also occur during primary VZV infection when the virus may gain access to sensory ganglia by a hematogenous route through VZV infection of T cells, enhancing the capacity of the virus to establish latency (4, 35) . Our experiments also suggest that polykaryon formation between satellite cells and neurons is a mechanism of potential importance in the neurobiology of VZV infection in sensory ganglia. Fusion with adjacent cells and formation of syncytia are characteristic of VZV infection in cultured cells in vitro and between epidermal cells in the skin lesions that are formed during varicella or herpes zoster. This process requires the expression of viral glycoproteins on plasma membranes of infected cells, which then undergo fusion with neighboring uninfected cells (6) . The unique observation in VZV-infected DRG xenografts was that VZV-induced cell fusion was demonstrated between satellite cells and neurons, which are two fully differentiated, distinct cell types within sensory ganglia (15) . In uninfected human DRG, neuronal cell bodies and the surrounding satellite cells were separated by an NCAM-expressing membrane. In contrast, high-resolution images of VZV-infected DRG showed diffuse, homogeneous IE62 and IE63 expression and the absence of NCAM-expressing plasma membranes between satellite cells and neurons. This loss of the plasma membrane between the neuronal cell body and adjacent satellite cells was associated with preservation of an NCAM-positive plasma membrane surrounding the cytoplasmic compartment that contained the neuronal cell body and satellite cell nuclei.
Ultrastructural analysis provided definitive evidence of polykaryon formation between neurons and adjacent satellite cells in infected NSC. In NSC that did not have polykaryon formation by IF analysis, high-magnification EM imaging showed (A to F). Thin black arrows point to VZV nucleocapsids (B, C, E, and F). The white arrowheads in panels C and F point to the nuclear envelopes of different nuclei within the polykaryon. The mitochondria (mito) are marked in panels E and F. Black boxes labeled B, C, E, and F indicate the area that is seen at higher magnification in the images in panel B, C, D, and F, respectively. No cell membranes can be detected between the nuclei of the shown polykaryons (A to C or D to F). The polykaryon in panels D to F contains nuclei that are massively filled with viral nucleocapsids (black arrows) and shows cytopathic alterations, including dense mitochondria and disintegrating nuclear envelopes (F). two separate membranes lying in very close proximity to each other between adjacent neuron and satellite cells. In NSC that had formed a polykaryon by IF analysis, no cell membranes could be detected and the nuclei of the neuron and satellite cells were located in a common cytoplasm. Importantly, most of these polykaryons did not show any obvious damage of the nuclear envelope or intracellular organelles, despite the presence of many nucleocapsids and enveloped virions in the cytoplasm. Preservation of these structures is presumed to be critical for the life cycle of herpesviruses in infected cells (30) . The extensive expression of the IE63 protein is of interest in this regard since it has been shown to be important for inhibiting apoptosis of VZV-infected primary neurons in vitro, based on reduced inhibition of apoptosis by a VZV mutant that had only one copy of the duplicated gene (17, 18) . These experiments indicated that merging of the satellite and neuronal cell cytoplasm occurs during active VZV replication in NSC and was not a late effect attributable to cellular necrosis in VZV-infected sensory ganglia. Incomplete boundaries between neurons and satellite cells were also noted in the ultrastructural examination of a VZV-infected trigeminal ganglion obtained at autopsy (8) .
Taken together, these observations suggest a model in which VZV replication in a single neuron, resulting in polykaryon formation with adjacent satellite cells, is the first event in the acute infection of sensory ganglia caused by VZV reactivation from latency. VZ virions released from these satellite cells can then infect nearby satellite cells that surround other neuronal cell bodies. Polykaron formation between these secondarily infected satellite cells and their neuronal cell bodies would then enhance access of VZ virions to neuronal axons for transport to skin sites of replication. This model predicts that most neurons become infected by VZ virions that are released into the DRG by productively infected satellite cells, rather than by the simultaneous reactivation of latent VZV genomes harbored by multiple neurons within the affected ganglion. VZV gE, like its HSV homologue, appears to play a critical role in cell-cell fusion and its heterodimer partner, gI, contributes to this gE function (2, 9, 18, 24, 29, 30) . As would be expected from this model, infection with a VZV mutant that lacked gI resulted in highly restricted VZV replication in SCIDhu DRG xenografts (36) . Recent studies also indicate that neurons in sensory ganglia have microvilli that extend into invaginations of satellite cells and that functional gap junctions exist between the neuronal cell body and its satellite cells (16, (25) (26) (27) . These characteristics have the potential to facilitate cell-cell fusion mediated by VZV proteins and enhance viral spread between neuronal cell bodies and satellite cells. It is also of interest that VZV exhibits little tropism for cells in the central nervous system and very rarely causes encephalitis (12) . Although information about satellite cells in sensory ganglia is limited compared to what is known about peripheral neurons, these cells appear to have both similarities and differences when compared to glial cells in the central nervous system (15, 26) . Whether VZV tropism for satellite cells within sensory ganglia reflects some underlying differences between these glial cell subtypes warrants further study.
Recruitment of antiviral T cells into the VZV-infected ganglion is presumed to control acute viral replication over time, although anti-VZV T cells do not appear to be persistent in latently infected ganglia (33) . The neuropathology produced by satellite cell infection and polykaryon formation during VZV neuropathogenesis in sensory ganglia would be predicted to occur at an early stage of VZV reactivation, and repair of the damage would be expected to be a prolonged process. These observations about VZV infection in the SCIDhu DRG model should be extended by examining autopsy DRG from patients with herpes zoster at the time of death in order to further explore the role of cell-cell fusion and satellite cell infection in the clinical context. Clinically, the amplification and efficient spread of VZV within DRG by these mechanisms help to explain the significant risk of prolonged neurologic signs and symptoms associated with herpes zoster (12) .
